ABSTRACT BL Lac objects are the most numerous class of extragalactic TeV-detected sources. One of the biggest difficulties in investigating their TeV emission resides in their limited number, since only 47 BL Lacs are known as TeV emitters. In this paper, we propose new criteria to select TeV BL Lac candidates based on the infrared (IR) and X-ray observations. We apply our selection criteria to the BL Lac objects listed in the ROMA-BZCAT catalog so identifying 41 potential TeV emitters. We then consider a search over a more extended sample combining the ROSAT bright source catalog and the WISE all-sky survey revealing 54 additional candidates for TeV observations. Our investigation also led to a tentative classification of 16 unidentified X-ray sources as BL Lac candidates. This analysis provides new interesting BL Lac targets for future observations with ground based Cherenkov telescopes.
, we discovered that γ-ray emitting blazars occupy a distinct region in the two-dimensional color-color diagrams, which is well separated from other extragalactic sources whose IR emission is dominated by thermal radiation ("the WISE Gamma-ray Strip", Massaro et al. 2011a; D'Abrusco et al. 2012 ) and we have developed a method for identifying γ-ray blazar candidates by studying the WISE three-dimensional IR color space using the WISE Fermi Blazar Sample (i.e., "locus", see D'Abrusco et al. 2013 ). This discovery constitutes the basis of our selection criterion for the TBCs.
In this paper, we combine IR and X-ray archival data available in literature to build a criterion useful to find new TBCs. We use the X-ray observations performed with ROSAT along with those from the Wide Infrared Survey Explorer (WISE) satellite (Wright et al. 2010 ).
This paper is organized as follows: in § 2 we investigate the IR properties of the BL Lacs already detected at TeV energies introducing the "Φ XIR parameter" to distinguish between LBLs and HBLs. In § 3 we outline our criterion to identify TBCs and apply it to the BL Lacs listed in the ROMA-BZCAT 6 (e.g., Massaro et al. 2011b ) and comparisons with selection criteria previously published are presented in § 4. § 5 is dedicated to the all-sky search of new TBL candidates using the combination of the ROSAT bright source catalog (Voges et al. 1999 ) and the WISE all-sky survey (Wright et al. 2010 ) and § 6 is devoted to our summary and conclusions.
WISE magnitudes are in the Vega system and we use cgs units for our numerical results unless stated otherwise. We assume a flat cosmology with H 0 = 72 km s −1 Mpc −1 , Ω M = 0.26 and Ω Λ = 0.74 (Dunkley et al. 2009 ). Spectral indices, α, are defined by flux density, S ν ∝ ν −α . Frequent acronyms are listed in Table 1 .
TEV BL LAC OBJECTS
According to the online catalog of TeV-emitting γ-ray sources (TeVCat) 7 , the number of sources classified as BL Lac objects in the ROMA-BZCAT (Massaro et al. 2009; Massaro et al. 2010; Massaro et al. 2011b ) and detected at TeV energies is 42, as of December 2012; these TeV BL Lac objects are listed in Table 2 together with their salient parameters. They have a unique WISE counterpart detected at least at 3.4, 4.6 and 12 µm within a radius of 3 ′′ .3 from the ROMA-BZCAT positions (see D'Abrusco et al. 2013 , for more details about the ROMA-BZCAT -WISE positional associations). They also have a radio counterpart and are detected in the X-ray band by ROSAT (Voges et al. 1999) as reported in the ROMA-BZCAT (Massaro et al. 2011b ) with the only exception of MAGICJ2001+435.
Thirty-seven of them are also detected in γ rays between 30 MeV and 100 GeV as reported in the Fermi-LAT second source Catalog (2FGL; Nolan et al. 2012) and in the second Fermi-LAT AGN catalog (2LAC; Ackermann et al. 2011 ).
2.1. X-ray-to-infrared flux ratio: Φ XIR Maselli et al. (2010a) defined the ratio Φ XR between the ROSAT X-ray flux F X and the radio flux density S 1.4 (at 1.4 GHz), computed using the values reported in the ROMA-BZCAT, to distinguish between HBLs (i.e., Φ XR ≥ 0.1) and LBLs (i.e., Φ XR < 0.1). However, this distinction cannot be easily extended all-sky because it does need radio observations at 1.4 GHz which are not always available. To avoid this problem we define a new parameter to distinguish between the two subclasses of BL Lac objects based on the IR observations of WISE. It is worth noting that among the BL Lac objects the HBLs are the most detected at TeV energies.
For all the TeV BL Lac objects listed in Table 2 , we computed Φ XIR , defined as the ratio between the ROSAT X-ray flux F X (0.1 -2.4 keV) and the integrated IR flux F IR between 3.4 and 12 µm, both in units of 10 −12 erg cm −2 s −1 . This parameter is used to distinguish between HBLs and LBLs instead of Φ XR . We note that sources with Φ XIR >0.1 in Table 2 have a Φ XR >0.08 in agreement with the previous classification (Maselli et al. 2010a; Maselli et al. 2010b) . We then consider a new classification, labeling as HBLs those having Φ XIR >0.1 while indicating as LBLs those with Φ XIR <0.1. An additional justification on the choice of Φ XIR to classify BL Lacs is given in Appendix on the basis of their spectral shape.
TBL sample selection
We define a clean sample of 33 HBLs TeV detected (i.e., TBLs) out of 42 TeV sources including only:
• having Φ XIR >0.1; The above criterion of TBLs, not only based on the Φ XR ratio, permits to select bright IR sources having the first SED peak between the UV and the X-rays. The minimum X-ray and IR fluxes of the resulting sample are 2.45 · 10 −12 erg cm −2 s −1 and 9.47 · 10 −13 erg cm −2 s −1 , respectively. Table 2 ). Regression lines are shown in red (see Section 2.2 for more details).
As shown in Figure 1 , there is a hint of a correlation between the IR and TeV fluxes for the TBLs whose measurements were available in TeVCat (see also Table 2) , with a correlation coefficient of 0.51. This suggests a good match between WISE and the TeV observations. As expected there is also a trend between the ROSAT and the TeV fluxes, with a correlation coefficient of 0.58.
Infrared colors of TBLs
Recently, we discovered that the γ-ray BL Lac objects lie in a region (i.e., the WISE Gamma-ray Strip) of the [3.4]-[4.6]-[12] µm color-color diagram well differentiated from that occupied by generic IR sources (Massaro et al. 2011a ). In particular, TBLs are more concentrated near the tail of the WISE Gamma-ray Strip. In Figure 2 we show the IR colors of TBLs and those of γ-ray BL Lacs detected by Fermi in the 2LAC CLEAN sample that belong to the WISE Gamma-ray Strip (D'Abrusco et al. 2013) .
We calculated a linear regression in the [3.4]-[4.6]-[12] µm color-color plot for the 33 selected TBLs as shown in Figure 2 . We then define the δ parameter according to the equation:
where the regression line, and D max is the maximum value evaluated only for the selected TBLs (i.e., 0.116 mag). All the TBLs have therefore a value of delta ¡ 1.0 by definition. We verified the residuals of the points in the [3.4]-[4.6]-[12] µm color-color plot with respect to the regression line using a runs test and we found that they are randomly distributed at 97% level of confidence 8 . Finally, we note that δ=0.28 corresponds to the 68% level of confidence (i.e., 1σ) with respect to the regression line and consequently the choice of δ=1 implies that all the TBLs lie within 3.5σ.
TBL CANDIDATES SELECTED FROM THE

ROMA-BZCAT CATALOG
On the basis of the combined IR and X-ray properties of TBLs (see § 2), we outline the following criteria to select TBL candidates (TBCs). Our selection of TBCs includes all sources that fulfill all following criteria: The requirement on the X-ray and IR fluxes ensures that the selected sources will be above ROSAT and WISE sensitivity thresholds. We apply our selection to the BL Lac objects that belong to the ROMA-BZCAT (Massaro et al. 2009; Massaro et al. 2010; Massaro et al. 2011b) .
For the blazars listed in the ROMA-BZCAT we found 41 TBCs that meet our criteria. All these TBCs are detected by Fermi in the 30 MeV -300 GeV energy range with only five exceptions: BZB J0056-0936, BZB J0214+5144, BZB J0809+3455, BZB J1215+0732 and BZB J1445-0326, in particular, about ∼90% of them show hard γ-ray spectra (i.e., γ-ray photon index Γ <2). Their complete list can be found in Table 3 , where we report their ROMA-BZCAT name, that of their WISE counterpart, the redshift if known, the ROSAT X-ray flux corrected for the Galactic absorption (Kalberla et al. 2005) , the Fermi γ-ray spectral index, the IR WISE colors together with the IR flux in the 3.4-12µm band and the value of Φ XIR .
Finally, we note that , all the TBCs selected from the ROMA-BZCAT lie within 3σ level of confidence of the regression line (see Section 2.3), with the only exceptions of BZB J0214+5144 and BZB J1445-0326.
COMPARISON WITH PREVIOUS SELECTIONS
Several attempts to select BL Lac candidates for TeV observations have been carried out in the last decade, with particular attention to HBLs as in our analysis. Selection of source candidates has typically relied on the availability of source catalogs at lower frequencies that could reveal properties characteristic of VHE emitters. For instance, blazar candidates for VHE observations were typically selected from catalogs of hard X-ray sources (e.g., Stecker et al. 1996; Donato et al. 2001) or objects that had a particular combination of radio, optical and X-ray energy densities (Costamante & Ghisellini 2002) .
In particular, Costamante & Ghisellini (2002) proposed a selection of BL Lac candidates for TeV observa- tions, not only restricted to the HBLs as in the present analysis. Their selection was mainly based on a fitting procedure of the broadband SEDs of a sample of BL Lacs compiled from literature with a homogeneous synchrotron self Compton model and calculating the expected TeV flux. They conclude that TeV BL Lac candidates are primarily selected to be bright both in X-rays and radio bands, as generally occurs for HBLs. Tavecchio et al. (2010) also proposed a selection of BL Lac candidates for TeV observations on the basis of the γ-ray properties, such as hard γ-ray spectra, of the Fermi sources detected in its first three months of operation. Recently, Massaro et al. (2011c) also outlined a criterion to select only TBCs, mainly based on the X-ray spectral curvature and applied to the HBLs detected in the major X-ray surveys as Einstein Slew Survey (e.g., Elvis et al.1992 ). This was the first criterion developed on the basis of the BL Lac spectral shape observed in a restricted energy range. In comparison with the analyses cited above, 8 out of 41 of the TBCs selected were also present in their lists. We note that 2 sources appear in Stecker et al. (1996) list of candidates and 8 in that of Costamante & Ghisellini (2002) , with 2 objects, BZB J0326+0225 and BZB J1728+5013, present in both selections. Three of our sources appear as TeV candidates in the Tavecchio et al. (2010) selection: BZB J0109+1816, BZB J0136+3905 and BZB J1058+5628; the last source also in Costamante & Ghisellini (2002) .
In Massaro et al. (2011c) we also propose a X-ray based selection and BZB J0326+0225, BZB J1136+6737, BZB J1417+2543, and BZB J1728+5013, were deeply investigated and selected as TBCs on the basis of their Xray spectral curvature. In particular, BZB J1728+5013 is present in all the previous selections with the only exception of Tavecchio et al. (2010) , making it the most promising TBC.
The main difference between our method and the previous selections is that it is based on the IR rather than on the radio flux density and that was built on the basis of the peculiar IR colors of the known TBLs (i.e., a surrogate of the IR spectral shape), an information that was not used in all the previous selections. It is also worth noting that all ∼90% BL Lacs of the ROMA-BZCAT that met our criteria are also detected in the γ-rays by Fermi, while this was not a requirement for our selection.
ALL-SKY INFRARED SEARCH OF TBL CANDIDATES
We extended our search of TBCs beyond the ROMA-BZCAT catalog by considering X-ray sources from the ROSAT bright source catalog (Voges et al. 1999) with a counterpart in the WISE all-sky survey (Wright et al. 2010 ) and adopting less restrictive criteria than the one previously described in § 3.
We considered all the IR sources detected by WISE that lie within the positional uncertainty of an X-ray source in the ROSAT bright source catalog. Then, we selected only IR sources with WISE magnitudes smaller than 13.32 mag, 12.64 mag and 10.76 mag at 3.4µm, 4.6µm and 12µm, respectively, IR colors between 0.23 mag < [3.4]-[4.6] < 0.86 mag 1.60 mag < [4.6]-[12] <2.32 mag and δ <1 (see § 2.3 and § 3 for more details). This criterion corresponds to a less restrictive selection than the one previously proposed, because it is not based on the X-ray flux nor on the ratio Φ XIR .
The ROSAT bright source catalog lists 18811 X-ray sources all-sky, however only 189 of them met the criteria outlined above. All of them are unique associations between the ROSAT and the WISE all-sky surveys. Moreover, out of the 189 selected sources, 93 are associated to sources listed in the ROMA-BZCAT catalog. These were excluded from our extended TBL candidate list to avoid redundancy in the selections.
For the remaining 96 sources, we performed a multifrequency analysis to select the most reliable TBCs. We searched in the following major radio, IR, optical databases as well as in the NASA Extragalactic Database (NED) 9 for any possible counterpart within 3 ′′ .3 to verify if additional information can confirm their BL Lac nature.
For the radio surveys we searched in the catalogs of the NRAO VLA Sky Survey (NVSS; Condon et al. 1998) , the VLA Faint Images of the Radio Sky at Twenty-Centimeters (FIRST; Becker et al. 1995; White et al. 1997) , the Sydney University Molonglo Sky Survey (SUMSS; Mauch et al. 2003 ) and the The Australia Telescope 20 GHz Survey (AT20G; Murphy et al. 2010) surveys; for the IR we compare our list only with the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) since each WISE source is already associated with the closest 2MASS source by default in the WISE catalog (see Cutri et al. 2012 , for more details). Then, we also searched for optical counterparts, with possible spectra available, in the Sloan Digital Sky Survey (SDSS; e.g. Adelman et al. 2008; Paris et al. 2012) and in the Six-degree-Field Galaxy Redshift Survey (6dFGS; Jones et al. 2004; Jones et al. 2009 ); in the hard X-rays within the 2 nd Palermo BAT catalog (2PBC; Cusumano et al. 2010 ) and if associated with Fermi source in the 2FGL (Nolan et al. 2012) . We also searched the USNO-B Catalog (Monet et al. 2003) for the optical counterparts within 3
′′ .3 and we report the magnitude in the R band in Table 4 . Our final list has been also compared with the recent WISE-2MASS-ROSAT selection of active galaxies proposed by Edelson & Malkan (2012) .
On the basis of our multifrequency investigation we selected 54 TBCs out of the 96 remaining sources selected combining the ROSAT all-sky survey with the WISE observations. All these new 54 TBCs are listed in Table 4 together with the results of our multifrequency analysis and their salient parameters as the IR WISE colors and, if present, the 2FGL association (e.g., Ackermann et al. 2011; Nolan et al. 2012) .
A large fraction of our TBCs (∼55%) have a clear radio counterpart in one of the major radio surveys as occurs for all the BL Lacs that belong to the WISE Gammaray strip.
In particular, 21 out of 54 sources have a radio counterpart in the NVSS, 4 in the SUMSS, one in both radio surveys while only 2 objects have a correspondence in the FIRST. All our 54 TBCs are detected in the 2MASS catalog and they are also detected by WISE at 22µm with two exceptions. Optical spectra are available in literature for 5 TBCs listed in Table 4 all classified as BL Lac objects, thus no optical spectroscopic observations are necessary to confirm their nature. Then, 21 out of 54 TBCs have been observed by the 6dFGS and 4 by the SDSS. At high energies only one source has been detected by Swift-BAT hard X-ray survey while 14 out of 54 objects have been associated or lie within the positional uncertainty region of a Fermi source listed in the 2FGL. It is worth noting that 14 out of 54 TBCs are associated with Fermi sources as listed in the 2FGL catalog and in the 2LAC catalogs, being classified as AGNs of uncertain type (Nolan et al. 2012; Ackermann et al. 2011) . In particular, 1RXS J083158.1-180828, 1RXS J130421.2-435308 and 1RXS J204745.9-024609 are the only three sources that belong to our final list of TBCs selected combining WISE and ROSAT all-sky catalogs that were also selected as active galaxies of uncertain nature by Edelson & Malkan (2012) .
Moreover, 16 X-ray sources out of 54 TBCs were previously unidentified in the ROSAT all-sky catalog (Voges et al. 1999 ) (i.e., without a counterpart assigned at lower energies). The existence of an IR WISE counterpart in the WISE catalog, with similar colors than those of γ-ray BL Lacs suggests that these could be potential BL Lac candidates. We note that none of these 54 TBCs is listed in the Sedentary Survey of extreme HBLs (Giommi et al. 2005) , thus highlighting that our method is successful to select BL Lacs without including any criteria based on the radio observations. Forty-two out of 189 IR-X-ray sources we selected have multiwavelength archival observations that indicate they are not BL Lacs. This suggest that a contamination of ∼22% of non-BL Lac objects could be present in our selected sample. We will be able to make a more accurate estimate of the contamination once all the optical spectroscopic information will be available for our sample.
Finally, we note that all the TBCs selected from the ROSAT bright source catalog with a counterpart in the WISE all-sky survey lie within 3σ level of confidence of the regression line (see Section 2.3), with the only exceptions of 5 sources, namely: 1RXS J072812.1+671821, 1RXS J132908.3+295018, 1RXS J180219.5-245157, 1RXS J183821.0-602519 and 1RXS J193320.3+072616.
SUMMARY AND CONCLUSIONS
Previous studies based on the WISE all-sky survey have revealed that the IR spectral shape of high frequency peaked BL Lacs detected at TeV energies (TBLs) can be successfully used to associate γ-ray BL Lacs (e.g., Massaro et al. 2011a; Massaro et al. 2012b; D'Abrusco et al. 2013) . In this paper, we extended the same technique to search for high frequency peaked BL Lacs that could be candidates for future TeV observations (i.e., TBCs), by selecting sources with similar IR and X-ray properties of the known TBLs.
Known TBLs populate a subregion of the WISE Gamma-ray Strip (Massaro et al. 2012a; D'Abrusco et al. 2013) , defined in the [3.4]-[4.6]-[12] µm IR color-color space. Then, on the basis of their IR and the X-ray emission, we identify 41 TBCs among the BL Lacs listed in the ROMA-BZCAT catalog (Massaro et al. 2009; Massaro et al. 2011b) .
A comparison between our list of TBCs, chosen out of the ROMA-BZCAT catalog, with previous selections (Stecker et al. 1996; Costamante & Ghisellini 2002; Tavecchio et al. 2010; Massaro et al. 2011c ) finds good agreement (see § 4). Our new criteria, mainly based on the IR colors, a surrogate of the spectral shape of the low energy component for the BL Lac objects, is not based on radio or γ-ray data. Moreover, our IR selection was built only in the 2-dimensional [3.4]-[4.6]-[12]µm color-color diagram, while all our previous selections of γ-ray blazar candidates, mostly developed to associate unidentified gamma-ray sources (Massaro et al. 2012b; D'Abrusco et al. 2013) , required the IR detection in all four WISE bands. All the BL Lacs of the ROMA-BZCAT that met our criteria are also detected in the γ-ray band by Fermi, while this was not a requirement for the selection discussed in this paper.
We note that VERITAS observations have been performed for 3 of our TBCs selected within the ROMA-BZCAT: BZB J0136+3905, BZB J1058+5628 and BZB J1243+3627 (Aliu et al. 2012) . However, as discussed in Aliu et al. (2012) , both BZB J0136+3905 and BZB J1243+3627 do not have a redshift estimate, indicating that their non TeV-detection could be due the absorption of high energy photons by the extragalactic background light (Franceschini et al. 2008) . On the other hand, BZB J1058+5628 was found variable in the γ-rays by Fermi during the same period of the VERITAS observations. Thus, the non-detection at TeV energies of these three sources does not affect our selection that can only be verified with additional TeV observations.
We conducted an extended search based on less restrictive criteria based on the combination of the WISE and ROSAT observations to search for new TBCs with IR properties similar to those of the TBLs in the Xray sky. We found additional 54 sources that could be considered TBCs with pending confirmation of their BL Lac nature with follow-up optical spectroscopy. We also note that 16 TBCs out of 54 X ray sources were previously unidentified in the ROSAT bright source catalog (Voges et al. 1999 ); then we provide the first association with a low energy counterpart correspondent to our TBCs selected on the basis of the IR WISE colors. We note that only 21 out of a total of 95 TBCs (i.e., 41 selected in the ROMA-BZCAT and 54 in the all-sky search) have a reliable redshift determination. The TBC with the highest redshift is BZB J0316-2607 at z=0.443 closer than the most distant TeV source: 3C 279 at z=0.5362 (e.g., Errando et al. 2008) .
Our investigation provides new targets to plan observations with ground based Cherenkov telescopes such as HESS, MAGIC and VERITAS or in the near future with CTA.
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APPENDIX
To further justify the classification scheme proposed in Section 2.1 based on Φ XIR , we assumed a broadband description of the BL Lac spectra, from the IR to the X-rays, in the form of a log-parabola (e.g., Howard et al. 1965; Landau et al. 1986 ), expressed as:
erg cm −2 s −1 Hz −1
( 1) where ν p is the SED peak frequency, S p the SED peak flux at ν p , and b the spectral curvature (see Massaro et al. 2004; Tramacere et al. 2007 , for more details). We computed the ratio Φ XIR as function of the peak frequency ν p for different values of b as shown in Figure 3 . Thus for values of ν p larger than 10 15 Hz, as generally seen for HBLs, Φ XIR is systematically larger than 0.1 (see Figure 3) . Values of spectral curvature used in Figure 3 are those typically observed in BL Lac objects (Massaro et al. 2008a; Massaro et al. 2008b; Massaro et al. 2011b ). Massaro et al. 2008a; Massaro et al. 2008b ).
